Members of the En and Wnt gene families seem to play a key role in the early specification of the brain territory that gives rise to the cerebellum, the midhindbrain junction. To analyze the possible continuous role of the En and Wnt signaling pathway in later cerebellar patterning and function, we expressed En-2 ectopically in Purkinje cells during late embryonic and postnatal cerebellar development. As a result of this expression, the cerebellum is greatly reduced in size, and Purkinje cell numbers throughout the cerebellum are reduced by more than one-third relative to normal animals. Detailed analysis of both adult and developing cerebella reveals a pattern of selectivity to the loss of Purkinje cells and other cerebellar neurons. This is observed as a general loss of prominence of cerebellar fissures that is highlighted by a total loss of sublobular fissures. In contrast, mediolateral patterning is generally only subtly affected. That En-2 overexpression selectively affects Purkinje cells in the transition zone between lobules is evidenced by direct observation of selective Purkinje cell loss in certain fissures and by the observation that growth and migration of the external germinal layer (EGL) is selectively retarded in the deep fissures during early postnatal development. Thus, in addition to demonstrating the critical role of Purkinje cells in the generation and migration of granule cells, the heterogeneous distribution of cellular effects induced by ectopic En expression suggests a relatively late morphogenetic role for this and other segment polarity proteins, mainly oriented at lobule junctions.
Members of the En and Wnt gene families seem to play a key role in the early specification of the brain territory that gives rise to the cerebellum, the midhindbrain junction. To analyze the possible continuous role of the En and Wnt signaling pathway in later cerebellar patterning and function, we expressed En-2 ectopically in Purkinje cells during late embryonic and postnatal cerebellar development. As a result of this expression, the cerebellum is greatly reduced in size, and Purkinje cell numbers throughout the cerebellum are reduced by more than one-third relative to normal animals. Detailed analysis of both adult and developing cerebella reveals a pattern of selectivity to the loss of Purkinje cells and other cerebellar neurons. This is observed as a general loss of prominence of cerebellar fissures that is highlighted by a total loss of sublobular fissures. In contrast, mediolateral patterning is generally only subtly affected. That En-2 overexpression selectively affects Purkinje cells in the transition zone between lobules is evidenced by direct observation of selective Purkinje cell loss in certain fissures and by the observation that growth and migration of the external germinal layer (EGL) is selectively retarded in the deep fissures during early postnatal development. Thus, in addition to demonstrating the critical role of Purkinje cells in the generation and migration of granule cells, the heterogeneous distribution of cellular effects induced by ectopic En expression suggests a relatively late morphogenetic role for this and other segment polarity proteins, mainly oriented at lobule junctions.
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The cerebellum occupies a unique position with respect to rostrocaudal patterning in the mammalian brain. It arises from the midhindbrain junction, a region uniquely defined by its selective deletion in null mutants of the en-1 and wnt-1 genes (McMahon and Bradley, 1990; Wurst et al., 1994) , mouse homologs of the Drosophila en and wg segment polarity genes, respectively. This genetic dependence, coupled with the cell-selective expression of other Wnt pathway and En genes throughout its development and in adulthood (Davis and Joyner, 1988; Salinas et al., 1994; Sussman et al., 1994) , suggests that the cerebellum is an ideal system in which to unravel the molecular genetic principles of nervous system patterning.
The mature cerebellum itself is subdivided by multiple anatomical and molecular boundaries into compartments arranged along both the rostrocaudal and mediolateral axes (Ross et al., 1990; Oberdick et al., 1993) . A strong genetic component to the formation of these compartments is implied (Oberdick et al., 1993; Baader et al., 1996 ; for review, see Herrup and Kuemerle, 1997) . In this context, the conserved nature of En and Wnt signaling from flies to mice (Danielian and McMahon, 1996) suggests a critical role for these gene families.
In the cerebellum, the best-studied segmentation genes are the homeobox protein-encoding genes en-1 and en-2. Although a null mutation in mice of the en-1 gene results in a deletion of the cerebellar primordium starting at approximately embryonic day 9 (E9) , elimination of the en-2 gene has relatively subtle effects on cerebellar development (Millen et al., 1994) . Specifically, En-2 null mice show significant cell loss resulting in a decreased cerebellar size as well as subtle effects both on patterns of cerebellar foliation (Millen et al., 1994) and sagittally oriented bands . The subtlety of these effects implies either a limited role for En genes with respect to cerebellar patterning or, more likely, that the totality of this role is difficult to reveal by genetic knock-out because of the very early role of, and compensation of the En-2 null mutant phenotype by, En-1.
To analyze further the role of the En genes in cerebellar patterning with particular attention to rostrocaudal versus mediolateral effects, we took a gain-of-function approach. By ectopically expressing a gene in cells that normally do not express it, this method can suggest potential functions of the gene in normal sites of expression (Lewis, 1978; McGinnis and Krumlauf, 1992) . En-2 was chosen for these studies because of its predominant expression over En-1 both during the late embryonic period and during the postnatal phase when En-1 is no longer expressed and En-2 is restricted to granule cells (Davis and Joyner, 1988) . The promoter of the Purkinje cell-specific gene pcp-2(L7) (Oberdick et al., 1990; Vandaele et al., 1991) was chosen for the overexpression of En-2. This gene and its transgene derivatives have been shown to begin expression at approximately E15 in a distinct sagittally oriented subset of Purkinje cells (Oberdick et al., 1993) . By adulthood, however, all Purkinje cells express L7 and L7-based transgenes.
En-2 has also been shown to be expressed in a pattern of sagittally organized stripes during the late embryonic period, and this pattern was suggested to be complementary to that of L7 (Millen et al., 1995) . Therefore, expression of En-2 driven by the pcp-2(L7) gene promoter would be expected to be ectopic with respect to zonal patterning during late embryogenesis and with respect to cell type postnatally. Because the patterning event critical for establishment of the cerebellar sagittal banding pattern has been demonstrated to occur before E14.5 in mice (Oberdick et al., 1993) , no major perturbations in sagittal banding would be predicted in this transgenic model. As demonstrated here, this prediction has been borne out. In contrast, significant selective effects were observed in fissures that divide the cerebellum into lobules. Overall, a deterministic mechanism of fissurization and lobulation is supported, controlled at least in part by an En-sensitive property of Purkinje cells.
MATERIALS AND METHODS

Construction of L7En-2 transgenic lines.
To clone the En-2 coding region, we used the following primers in reverse transcription (RT)-PCR from total RNA prepared from postnatal day 8 (P8) cerebellum: En-2-5Ј 5Ј-AGGC-GATTTGGGATCCTCTGTGAAGTATGGAGGAG-3Ј; En-2-3Ј . . . 5Ј-ACCGCCCTGGGATCCCTACTCGCTGTCCGACTTGC-3Ј.
Primer sequences were based on the full-length En-2 cDNA sequence found in GenBank (accession number L12705). BamHI sites were mutated into the otherwise perfect match of these primers to the En-2 cDNA sequence. The PCR reaction product was then digested with BamHI and cloned into the unique BamHI site of the Purkinje cell expression vector L7⌬AUG (Smeyne et al., 1995) . The En-2 coding region insert was then sequenced on both strands using successive primers. The L7En-2 gene construct was released from the vector backbone by digestion with HindIII and EcoRI, and the fragment was gel purified and eluted (GeneClean; BIO 101, La Jolla, CA). Transgenic mice were then made by standard pronuclear injection as reported previously (Oberdick et al., 1990) .
All of the observations presented here were prepared from transgenic line 20 in an FVB/ N background (Taconic, Germantown, N Y), except for the ␤-galactosidase (␤-gal) whole mounts (see Fig. 4 ) that were prepared from line 39 in a B6C3F1 hybrid background (Jackson Labs). Measurements of cerebellar size effects were made in adult animals from four separate lines (20, 33, 39, and 40) . All showed a similar decrease in size relative to wild type.
Histochemistr y and immunohistochemistr y. Before brain dissection, animals were perf used transcardially with 4% p-formaldehyde in PBS after anesthetization with Avertin. Brains were then dissected and cryoprotected in 23% (w/ v) sucrose in PBS before mounting in OC T (TissueTek) and sectioning on a cryostat. Brains were generally cut in the sagittal plane (L7 and En-2 immunochemistry) at 40 m /section, and sections were generally removed from the knife and placed immediately into PBS in a microtiter plate (for immunohistochemistry) or directly onto slides for cresyl violet and methyl green staining.
The following dilutions of antiserum were used: L7Pep1 (Oberdick et al., 1988) , 1:1000; En-2 (␣Enhb-1) (courtesy of Dr. Alex Joyner; Davis et al., 1991) , 1:1000. In all cases, sections were reacted free-floating in wells, and primary antibody binding was revealed using the Vectastain ABC kit according to the instructions of the manufacturer (Vector Laboratories, Burlingame, CA).
In situ hybridization. Riboprobe synthesis, preparation of sections, and hybridization were performed as reported previously (Bian et al., 1996) . A 218 bp BamHI-ClaI fragment (corresponding to the N-terminal portion of En-2) of the full coding sequence fragment that was used to make the L7En-2 construct was subcloned into pBluescript; this clone was linearized with BamHI, and antisense riboprobe was synthesized with T7 polymerase. This probe would detect both endogenous En-2 and transgene L7En-2 mRNAs. L7 probe is the same as that described previously (Bian et al., 1996) and should also detect both endogenous L7 and transgene L7En-2 mRNAs, except the former is much more abundant than the latter. The following 30 base oligonucleotide was used to detect specifically the transgene-encoded mRNA: 5Ј-ACT TCA CAG AGG ATC CTG AGG GGT GAG CAG-3Ј. This corresponds to the junction between L7 and En-2 sequences. This oligonucleotide was labeled as reported previously using terminal transferase (Bian et al., 1996) , and hybridization was performed overnight at 37°C, followed by standard washes in which the final wash was performed in 0.5ϫ SSC at 63°C. These conditions were determined empirically by performance of a melting curve.
Northern and Western blots. Northern blots were performed as reported previously (Bian et al., 1996) . Western blots were performed as reported previously (Bian et al., 1996) using HRP-based immunodetection (Vector Laboratories) followed by visualization using a chemiluminescent substrate (Renaissance; N EN). L7 antibody was used at a dilution of 1:1000; ␣Enhb-1 was used at 1:250.
RT-PCR . Embryonic animals were obtained from pregnant females that were positively identified by vaginal plug (morning of plug, day 0.5). The age was f urther confirmed by determining the stage of fore-and hindlimb development before brain dissection (Rugh, 1993) . The whole brains of 13-and 14.5-d-old embryos were prepared and cut in the embryonic mesencephalic flexure. The caudal part containing the cerebellar primordium and brainstem down to the cervical flexure was collected and used for RT-PCR (unf used left and right halves were pooled). At all later time points, cerebella could be isolated from the rest of the brain. After RNA preparation, reverse transcription of 2 g of RNA was performed, followed by PCR using the following primer pairs: L7En-2-specific, 5Ј-AAG AAT TC T AGG TAC TAG GAT TTA GGG GCA C TT C TG AG and 3Ј-AGT TGG TGA TGC GAT GTG GAT GC T C; L7-specific, 5Ј-. . . (same as L7En-2-specific) and 3Ј-ACA AGC TTA C TA GTG CCA AGT GTT TTA TTG TTT; En-2-specific, 5Ј-TGG ATG GAG TGC TCA AAG CC and 3Ј-TTG CAT TGT TTC GCG CGG CCC TAG ACA TGC.
PCR reactions were performed at standard conditions using 35 cycles of 94°C for 45 sec, 63°C for 1 min, and 72°C for 2 min.
T issue measurements and cell counts. Cresyl violet-stained sagittal sections of two P9 and adult wild-type and two P9 and adult L7En-2 transgenic mice were prepared. Every 10th 12-m-thick section was evaluated by counting the number of Purkinje cells. Purkinje cell counts reported in Table 1 are from one wild-type and transgenic pair/time point, but the data were confirmed in a second pair. In addition, the percent difference in Purkinje cell number was confirmed using counts derived from L7-and calbindin-immunostained sections (40 m thick).
Measurement of the whole cerebellar area was performed using I PLab Spectrum (Signal Analytics Corp.) to analyze digitized video images of methyl green-stained sagittal sections. Generally, every third section was measured. The vermis includes all sections showing lobules I / II-X. All other sections, starting from a point where lobule I / II disappears and ending where no middle cerebellar peduncle is observable, are summarized in the lateral region. The number of sections evaluated was three for each region and time point. Values were confirmed by measurements in at least one more animal (the total number of wild-type and transgenic mouse pairs analyzed was two for P0, two for P9, and three for adults).
For measuring the relative decrease in fissure depth, methyl greenstained sections of cerebellum from P7 animals were analyzed using I PLab Spectrum. The circumference of the cerebellum was defined by a line drawn around the surface of the cerebellum excluding the fissures. The depth of the fissures was defined from the base of the fissure to a point where the molecular layer of two neighboring lobules separated. Vermis and hemispheres were as defined for area measurements. Data in Table 2 are from one wild-type and one transgenic animal from line 20. Similar differences were observed in other lines and at other time points.
For quantitation of the external germinal layer (EGL) thickness, the entire circumference (including fissures) of transgenic and wild-type sections was divided into an equal number of segments. At the midpoint of each segment, a radial line was drawn from just beneath the pia to the deep limit of the EGL. The length of this line was measured by I PLab Spectrum software and then plotted against position in the cerebellum. Vermis and hemispheres were as defined above. Generally, the wild-type and transgenic curves were found to intersect at lobule surfaces but to diverge significantly within fissures.
RESULTS
L7En-2 transgenic mouse construction and characterization
The coding region of En-2 was isolated by RT-PCR from P8 cerebellar RNA. This cDNA fragment encompassed only the 989 bp region spanning from the start to the stop codon (positions 31-1020 of En-2 cDNA sequence; GenBank accession number L12705) (L ogan et al., 1992) . This fragment was cloned into the unique BamHI site of the L7⌬AUG promoter vector (Smeyne et al., 1995) , and the L7En-2 construct ( Fig. 1 A) was injected into fertilized mouse eggs using standard procedures (Oberdick et al., 1990) . The construct was made without epitope tagging to avoid unpredictable effects on fidelity of transgene expression and on encoded protein (En-2) f unction. Six independent transgenic mouse lines were obtained, two of which showed no detectable expression in the cerebellum by Northern blot analysis. In contrast, animals from the other four lines showed a subtle gait defect characterized more as a loss of movement fluidity rather than as a true ataxia, and each of these showed a clearly detectable transgene mRNA band of the appropriate size on a Northern blot ( Fig. 1 B) . Western blot analysis using antibodies for L7 or En-2 revealed proteins only of native size in adult cerebellum (Fig.  1C) ; f usion proteins were not expected because the L7⌬AUG vector was constructed by the mutation of all possible ATG codons in all L7 exons (Smeyne et al., 1995; see Fig. 1 A) . No detectable increase in En-2 protein levels in the adult is observable by Western blot in contrast with what might have been expected by additional expression in Purkinje cells; this may be because of the compensatory effect of slight downregulation of endogenous En-2 mRNA levels in the transgenic mice ( Fig. 1 B) .
Using a riboprobe for En-2, we have shown transgene expression in Purkinje cells to be superimposed on the pattern of endogenous En-2 mRNA by in situ hybridization ( Fig. 2 A-D) . Likewise, by immunocytochemistry, expression of En-2 protein in the nuclei of Purkinje cells is shown to be superimposed on the pattern of endogenous En-2 expression (primarily in granule cells) during the early postnatal period ( 
Developmental expression of the L7En-2 transgene
To interpret the phenotype of L7En-2 mice, it was important to determine the time course of transgene expression. To do this, RT-PCR was performed at high cycle number using RNA prepared from cerebellar tissue spanning the time frame from E13 to adult (Fig. 3A) . Endogenous En-2 mRNA could be easily detected at all ages. L7En-2 transgene expression was undetectable at E13 and E14.5 but was easily detectable at P0 and in adults only in the transgenic mice. The same was generally true of endogenous L7 Brains of animals at day of birth, at day 9, and at 9 months were cut in sagittal section and stained histochemically using methyl green or cresyl violet. Every 10th 12-m-thick section (cresyl violet-stained) for P9 and for adult was evaluated by counting the number of Purkinje cells. The result is given as the mean Purkinje cell (PC) number/section derived from five sections. For area measurements, every third 40-m-thick section (methyl green-stained) was measured by using a video-captured digitalized image. The values are given as mean Ϯ SD calculated from three sections. For both cell counts and area measurements, the medial (vermis) and the lateral (hemisphere) regions are shown separately. More details are described in Materials and Methods. ND, Not detected. Methyl green-stained sections of P7 animals were visualized by a video-captured computerized image and evaluated using IPLab-Spectrum (Signal Analytics Corp.). The circumference and fissure depth are described in Materials and Methods. The length of the fissures is given in micrometers; the circumference is given in millimeters. The decrease was determined for each corresponding section of wild-type and L7En-2 cerebella separately, and the given mean Ϯ SD was calculated from these values. The significance (ϩ) of the decrease in distinct fissures compared with the decrease in circumference was evaluated by ANOVA followed by a paired t-test (for vermis, n ϭ 11, p Ͻ 0.001; for hemisphere, n ϭ 4, p Ͻ 0.05); Ϫ, not significant. PrF, Primary fissure; PsF, posterior superior fissure; ApmF, ansoparamedian fissure; IcF, Intercrural fissure; PfF, parafloccular fissure.
mRNA in wild-type mice, although the latter was very weakly detectable at E14.5. Thus, although we cannot rule out extremely low levels of transgene expression at these early time points, it is most likely activated after E14.5 (but before E17.5; see Fig. 
3B-D).
Although riboprobe to the coding region of En-2 would be expected to hybridize to both the endogenous En-2 mRNA and that encoded by the transgene, the patterns of expression of these two species in E17.5 cerebellum could be easily resolved by in situ hybridization using this probe (Fig. 3B) . Endogenous En-2 expression typically extended from the region around the deep cerebellar nuclei up to the cortex, where it was distributed throughout the depth of the cortex. Although endogenous En-2 expression was rather diff use, in favorable sections discrete clusters of increased En-2 expression were revealed in the wild-type cerebellar cortex (Fig. 3B, lef t, arrowheads) . The pattern of these clusters in the wild type was similar to the pattern reported previously for En-2 (Millen et al., 1995) and was approximately the complement of the L7 pattern (compare Fig. 3B , left, with C, left). As might be expected, therefore, the pattern of En-2 expression was much more uniform in the cerebellar cortex of the transgenic mice (compare Fig. 3B , lef t, with B, right), being composed of the combined patterns of endogenous and transgene En-2. In fact, the additional En-2 signal attributed to transgene expression describes a recognizable L7-like pattern (compare Fig.  3B, right, with C, right) .
The pattern of L7 expression was nearly equivalent in the wild type versus transgenic (compare Fig. 3C, lef t, with C, right) , appearing negative at the midline with the highest expression slightly more lateral. This bilaterally symmetric zone of highest expression consisted of two closely spaced clusters separated by a thin gap. More lateral was a broader negative zone (Fig. 3C, arrowheads) followed by a another zone of expression. The major difference between the wild-type and transgenic L7 patterns was a decrease in the size of the midline zone of negative expression in the transgenic; the amount of this decrease varied from no discernible difference between wild type and transgenic to that shown in Figure 3C , depending on cerebellar position.
Using an oligonucleotide probe specific for the junction of L7 and En-2 sequences within the L7En-2 construct (see Materials and Methods), we determined in situ hybridization conditions under which expression of the transgene but not the endogenous L7 or En-2 genes could be detected (Fig. 3D) . No signal was detectable in wild-type cerebellum (Fig. 3D, left) . In contrast, the pattern of signal in transgenic cerebellum was nearly identical to that produced by L7 probe in adjacent sections (compare Fig. 3D , middle, with D, right; sections are more caudal than are those in B and C). These data confirm the near equivalence of transgene and L7 gene expression patterns, as suggested by use of the En-2 riboprobe above.
Reduction in size and loss of Purkinje cells in adult cerebellum
In whole mount, the cerebellum can be seen to be grossly smaller in L7En-2 mice as compared with wild type (Fig. 4) . In adult sagittal sections near the midline, this is seen to be mainly an effect on the radial size of the cerebellum in both the rostrocaudal and dorsoventral directions (see Fig. 2 A, B) . To quantitate these effects, we calculated the cerebellar area for evenly spaced sections from the midline to lateral hemisphere in adults (line 20). Because the mediolateral distance did not differ significantly between wild-type and transgenic cerebella, the same number of sections were collected and analyzed from brains of each type. The reduction in area in L7En-2 relative Figure 1 . Construction and characterization of L7En-2 transgenic mice. A, Gene structure of the endogenous L7 gene (top), the L7En-2 transgene (middle), and the L7␤-Gal construct (bottom). The promoter of the L7En-2 transgene is ϳ1 kb; that of L7␤-Gal (corresponding to L7␤G3 that expresses bands in both a precocious and prolonged manner; Oberdick et al., 1993 ) is ϳ0.5 kb. Translation of the L7En-2 transgene construct can only initiate within the En-2 coding region because all possible start ATGs were removed from the L7 exons to form the L7⌬AUG base vector (Smeyne et al., 1995) . Animals carrying the L7␤-Gal construct were crossed into L7En-2 mice to test the effect of En-2 on sagittal banding (see Fig. 4) . B, Northern blot analysis to detect L7En-2 transgene expression. The panel on the lef t was probed with L7 cDNA and that on the right with En-2 (using the same fragment used for in situ hybridization; see Materials and Methods). Although from the same gel, the two panels represent different size ranges (note arrows denoting positions of 18S RNA). In both panels, L7En-2 refers to the mRNA encoded by the transgene. Note that the level of transgene mRNA is significantly lower than is that of endogenous L7 (lef t) but is equal to the level of endogenous En-2 (right). wt, Ten micrograms of wild-type cerebellar RNA; tg, 10 g of transgenic cerebellar RNA. C, Detection of correct L7 and En-2 protein species in L7En-2 transgenic cerebellum by Western blot. No aberrant-sized proteins were detected with either L7 or En-2 antibodies as might result from unexpected frameshifts or L7-En-2 protein f usions. wt, T wenty micrograms of wild-type cerebellar protein; tg, 20 g of L7En-2 cerebellar protein.
to wild-type cerebellar sections did not differ significantly from vermis (51 Ϯ 5% reduction) to hemispheres (43 Ϯ 10% reduction) (Table 1) . Likewise, Purkinje cell numbers were determined, and the average percent decrease in L7En-2 relative to wild-type vermis (41 Ϯ 9%) did not differ significantly from that in hemispheres (40 Ϯ 7%). Thus, Purkinje cell loss was found to be evenly distributed across the mediolateral axis of the cerebellum and to parallel approximately the change in cerebellar volume.
It is difficult to determine the time course of Purkinje cell loss in L7En-2 cerebella. Purkinje cell counts at P9 show an ϳ33% reduction in L7En-2 relative to wild type in both the vermis and hemispheres (Table 1) ; more counts would have to be performed to determine whether this was statistically different from the change observed in adults. Earlier than this time, however, relative counts are more difficult to establish because Purkinje cells are more difficult to identif y unambiguously. Nevertheless, by P0, there is already a reduction by ϳ36% of the area in near-midline vermal sections (Table 1) , whereas none is detectable at E17 (data not shown). It is impossible to tell, however, to what degree this reduction at P0 is attributable to Purkinje cell loss versus effects on overall cerebellar growth. Despite this ambiguity, it is quite clear from these data that there is a major effect on cerebellar growth starting around birth and continuing throughout the early postnatal period.
Analysis of L7 sagittal zones
Based on its late embryonic pattern of expression, it has been suggested that En-2 may play a role in the establishment of sagittal banding patterns in the cerebellum (Millen et al., 1995) . Because the pattern of En-2 expression driven by the L7 promoter was ectopic with respect to the wild-type En-2 pattern (Fig. 3) , the effect on a sagittally oriented molecular banding pattern was investigated in adult transgenic mice. To this end, a line of mice carrying a truncated version of the L7 promoter fused to the coding region of bacterial ␤-gal was crossed into the L7En-2 line. This truncated construct, called L7␤G3 (shown as L7␤-Gal in Fig.  1 ), was shown previously to be expressed in an aberrant pattern of sagittal bands that are continuously visible in whole mount from the late embryonic period until maturity (Oberdick et al., 1993) .
In an L7En-2 mutant background, the pattern of ␤-gal stripes is very similar to that in a wild-type background (Fig. 4) . One obvious change is the lack of appearance of weakly stained bands in the mutant. However, these "interband" regions normally activate L7␤G3 expression slowly during development, and their absence is likely to reflect a reduced level of expression of the ␤-gal transgene in the mutant background (revealed by enzymatic assay of cerebellar extracts; data not shown). The only area in which a true band deletion may have occurred is at the midline of lobule I X (Fig. 4 B) . There are a few zones at or near the midline that are reduced in width (for example, the L7-negative zone at the midline in the rostral half of lobule V I, the first L7-positive zone lateral to the midline in lobule V III, and the first L7-positive zone lateral to the midline in lobule I X) that may be related to the variable decrease in the width of the midline L7-negative zone observed at E17.5 (Fig. 3) . In general, however, band width is unchanged in the transgenic relative to the wild type.
In contrast to the general lack of effect on the gross pattern of sagittal bands, a reduction in the anteroposterior dimension of most lobules can be seen in whole mount. Of special note, the loss of two fissures, one separating sublobules V Ia and VIb and the other separating I Xa and I X b, can be clearly seen in the rostral (Fig. 4 A) and caudal (Fig. 4 B) whole-mount views, respectively. The loss of the fissure in lobule V I is of particular interest because the boundary dividing VIa and VIb remains clearly evident in the form of distinct ␤-gal banding patterns. Because of these observations, patterns of foliation were examined more closely.
Evidence of selective Purkinje cell loss in cerebellar fissures
Despite the indeterminacy of the time course of Purkinje cell loss before P9, there is one feature that stands out in the sagittal plane that may be of relevance with respect to Purkinje cell loss. Namely, all sublobular fissures are eliminated in the L7En-2 cerebellum (Fig. 5) . This phenotype affects lateral as well as medial cerebellum, because the fissure that normally bisects the simplex lobule is eliminated in the mutant in a similar manner to its medial counterpart dividing lobule VI (Fig. 5 B, D, arrows) . In addition to the loss of all sublobular fissures, the depth of all fissures is dramatically reduced. Most notably, at P7, the primary fissure near the midline shows a 43% decrease in depth relative to wild type, whereas the same sections show only a 29% decrease in circumference, and three other fissures in the central lobe (defined as lobules VI, VII, and VIII; Altman and Bayer, 1997) show an equivalent or greater selective effect (Table 2) . Similarly, in the hemispheres, fissure depth is selectively affected relative to cerebellar circumference (Table 2 ). The selective effect on central lobe fissures persists into adulthood, at which time the percent decrease was observed to be 40% for fissure V-VI, 69% for fissure VI-VII, and 42% for fissure VII-VIII compared with a 29% decrease in the cerebellar circumference. Thus, the total loss of sublobular fissures and the decrement in depth of some major fissures suggest a selective loss of cells in the fissures.
Direct evidence of this selective cell loss may be difficult to observe in many fissures because, assuming the cell loss is generally an early event, replacement may occur from later migrating A, RT-PCR was performed using RNA prepared from E13, E14.5, P0, and adult cerebellum. Primers were designed that could distinguish the L7En-2 transgene mRNA from endogenous L7 and En-2 mRNAs (see Materials and Methods). Whereas En-2 mRNA is detectable at all time points and in both transgenics (tg) and wild types (wt), L7 is only very weakly detectable in both genotypes at E14.5 but is strongly detectable at P0 and in adults. The transgene mRNA can only be detected in P0 and adult transgenics, never in wild types. B-D, In situ hybridization to detect L7En-2 transgene expression is shown. Horizontal sections of E17.5 wild-type (B, C, lef t) and transgenic (right) cerebellum were hybridized with En-2 probe ( B) or L7 probe ( C). The En-2 probe reveals a pattern of expression in the transgenic that is a superimposition of the wild-type L7 and En-2 expression patterns. Arrowheads indicate positions of endogenous En-2 clusters and L7-negative zones. An oligonucleotide probe ( D) sequences (see Materials and Methods) was used to compare transgene expression with endogenous L7 expression. Transgene is undetectable in wild types (D, lef t) but is detectable in transgenics (middle) in a pattern identical to that of L7 in adjacent sections (right).
and developing Purkinje cell populations. If this is true, the effect could be most pronounced in areas in which maturation normally occurs too late to be accommodated by such replacement, for example, in the central lobe. In fact, this is precisely the case. As early as P9 and continuously from P15 into adulthood, gaps can be visualized in the Purkinje cell layer within the central lobe fissures, particularly in the fissure separating lobule VII from VIII (Fig. 6 D, E) . Near the midline at P15, the base of lobule VII is particularly shrunken, creating the impression of a lobule in the process of "pinching off." In this area, regions devoid of Purkinje cells appear to receive compensatory dendritic branches from distant surviving Purkinje cell neighbors, which send long run- Figure 4 . Analysis of L7 sagittal bands in L7En-2 transgenic mice. Animals expressing the L7␤G3 transgene were crossed with L7En-2 mice, and the ␤-gal banding pattern was compared with that in a wild-type background. Images are whole-mount views of rostral ( A) and caudal ( B) cerebellar aspects at P11. In both A and B, the wild type is at the top, and the mutant is on the bottom. The arrowhead in A indicates the fissure dividing lobule VI into a and b sublobules; this fissure is missing in the transgenics. Similarly, the fissure separating IXa and IXb is deleted in the transgenic ( B). Roman numerals identify selected lobules.
ning processes along the superficial aspect of the internal granule cell layer (IGL). Multiple radially oriented branches emanate from this process and ascend toward the cerebellar surface (Fig.  6C) . The gaps typically appear on one wall or the other making up the fissure, extending for variable distances along the length of the fissure, giving a distinct "patchy" appearance from section to section.
An early postnatal harbinger of these effects may be the appearance of stunted Purkinje cell dendrites at P7. This effect is localized along most of the length of the fissure wall but seems most severe toward the fissure base (Fig. 6 A, B) ; the effect is also more widespread than is the appearance of gaps. Several days later, dendrites may be visualized in certain fissures (primarily in the central lobe) to run for long distances in aberrant tangential directions (Fig. 6C) . The fissure-restricted nature of the stunted dendrites at P7 is not caused by differential expression of the transgene at this time because transgene-encoded En-2 protein is uniformly expressed at this time in all Purkinje cells (Fig. 6 F ) . Because the stunting of Purkinje cell dendrites is more widespread than is the appearance of gaps and is therefore transient in most regions, it may be linked to an additional transient effect that was observed in the EGL.
Retarded EGL development in the cerebellar deep fissures
Despite the Purkinje cell loss in the L7En-2 transgenic mutant, many of these cells survive. The organization of the various cerebellar laminae is strikingly unchanged (Fig. 5) , and except in certain restricted regions (such as in lobules V II and VIII, see Fig. 6 ), Purkinje cells appear morphologically normal. Among the cerebellar cells that survive, however, there are some additional transient effects that are apparent during the early postnatal period. In the period between P5 and P7, for example, there is both a delay in the growth of Purkinje cell dendrites in the cerebellar fissures (see Fig. 6 ) and in the formation of the EGL in these regions (Fig. 7) . These effects are broadly observable in most fissures but are particularly evident in the primary fissure and other fissures within the central lobe. In addition to the decreased thickness of the EGL in fissures, the base of each fissure is characterized by a loss of fusion of the two sides of the EGL (Fig. 7B, arrows) . These effects have been carefully quantitated and shown to be distributed across the entire mediolateral dimension of the cerebellum (Fig. 7C,D) . Like the stunted Purkinje cell dendrites, these effects seem to be a differential responsiveness of cells in fissures to expression of En-2.
DISCUSSION
Persistent expression of En-2 in cerebellar Purkinje cells from the late embryonic stage into adulthood results in an ϳ40% decrease in the number of Purkinje cells. This loss appears to be distributed uniformly across the mediolateral axis. In contrast to the minimal effect on sagittal banding, cerebellar cells residing within the fissures appear most sensitive to the effects of persistent En-2 expression. The latter sensitivity includes but is not restricted to effects on Purkinje cell numbers and is shown to extend to complex cellular interactions such as those required for the formation of the EGL.
Purkinje cell loss
The Purkinje cells that survive in L7En-2 mice are for the most part biochemically and anatomically normal and are arranged in appropriate laminae. Thus, many Purkinje cells seem impervious to persistent expression of En-2. To interpret the significance of this observation, it will be most important to determine the precise cause of cell loss in these animals. As a start toward this end, transgene expression is found to be undetectable in the cerebellum at E13 and E14.5 but is clearly activated shortly thereafter. It is unlikely, therefore, that the effects reported here are related to Purkinje cell generation, which is normally completed by E13 in mice (Miale and Sidman, 1961) . Furthermore, to date there is no evidence at any time point (from late embryogenesis to adulthood) of discernible cell death in L7En-2 cerebella in excess of that seen in wild-type control mice, as revealed by quantitation of pyknotic figures (data to be reported elsewhere). Although cell death cannot be ruled out at this time, the data are most consistent with the failure of a subset of Purkinje cells, particularly those residing within fissures, to properly differentiate. What the fate of this subset might be is unknown. The degree of Purkinje cell loss and the general selectivity of effects on lobulation that are observed in L7En-2 mice are similar to the effects of the En-2 null mutation (Millen et al., 1994) . On the surface, this would seem somewhat inconsistent. For example, in Drosophila, homeotic gene gain-of-f unction mutations lead in general to posterior transformations, whereas loss-of-function mutations lead to anterior transformations (Lewis, 1978; McGinnis and Krumlauf, 1992) . However, it is difficult to relate in this way the En-2 knock-out data to observations described here. En-2 is normally expressed before and during the normal generation phase of Purkinje cells (from E9 on; Davis and Joyner, 1988) , and the Purkinje cell deficiency in En-2 null animals is thought to occur by death or agenesis during this early time frame . In contrast, the experiments described here most likely relate to a relatively late "patterning" event involving Purkinje cell differentiation and tissue morphogenesis (see below).
Cerebellar patterning
A double-patterning hypothesis has recently been proposed that posits two levels of involvement of En genes in cerebellar patterning . In the first (E8 -E10) event, En genes control the establishment and number of cerebellar precursors, and in the second, later event, cerebellar compartments are established. Although the current study can shed little additional light on the relationship of En genes to formation of the cerebellar primordium, what is clear is that the precise banding pattern of En-2 after E14.5 is not a key determinant of sagittal compartmentation. Likewise, the "position" of cerebellar fissures appears unaffected in L7En-2 animals. Rather, fissure formation and growth are selectively retarded by persistent En-2 expression in Purkinje cells. From this and other reports (Oberdick et al., 1993; Kuemerle et al., 1997; Mathis et al., 1997) , it may be suggested that the patterning event that establishes both the sagittal and rostrocaudal boundaries most likely occurs during or shortly after the generation phase of Purkinje cells, sometime between E9 and E14.5. From the current work, however, it may be postulated further that patterning genes linked to the Engrailed pathway continue to play a role after this time period, mainly in the context of cerebellar growth and morphogenesis. In addition, the fissure selectivity of these morphogenetic events suggests a linkage to the earlier patterning event.
In support of these observations, genetic and biochemical evidence point toward some deterministic component to the formation of rostrocaudal divisions within the cerebellum. Generally speaking, for example, the anterior and posterior lobes of the cerebellum have different embryological origins (Martinez and Alvarado-Mallart, 1989) , and several mutations in mice selectively affect the survival of cerebellar cells in the anterior lobe (Herrup and Wilczynski, 1982; Ross et al., 1990) . Thus, the area around the primary fissure is of great developmental significance as a transition zone between two major subdivisions of the cerebellum. Furthermore, both the genetic and biochemical evidence reveals boundaries located at or near transition zones between lobules, including but not restricted to the primary fissure. For example, mutant versions of an L7-lacZ construct show a clear boundary at the rostral edge of lobule VI at the lip of the primary fissure [see Oberdick et al. (1993) , their Fig. 7] , similar to the boundary revealed by a genetic lesion (leaner) (Herrup and Wilczynski, 1982; Hess and Wilson, 1991) and by at least one additional marker (gli) (Millen et al., 1995) . Likewise, a transient border of zebrin expression is revealed in Lurcher mutant mice at the dorsal edge of lobule V III, just at the lip of the fissure dividing lobules V II and V III (Tano et al., 1992) .
What is the relationship of these boundaries to the effects reported here? Because most of the cellular effects in L7En-2 cerebellum are well within selected fissures, it is unclear how they may be related to the molecular and genetic boundaries described above. In addition, to date there is no evidence of fissurerestricted expression of En genes or Wnt pathway genes, and therefore the relationship between expression of these genes, identified cerebellar boundaries, and the effects reported here may be complex. In spite of this, certain factors in addition to those discussed above indicate a "program" controlling the position and growth of fissures separating lobules and sublobules, and in this context these molecular boundaries may be significant. For example, foliation differences among different inbred mouse strains seem to be genetically encoded (Inouye and Oda, 1980; Neumann et al., 1990 ). In addition, from the current work, the distinct patterns of L7␤-Gal expression in sublobules VIa and VIb neatly divide lobule VI into two halves and define the position of the sublobule fissure. Despite the absence of this fissure in the L7En-2 mice, the biochemical division persists.
Thus, as can be demonstrated for lobules and sublobules alike, fissures can be shown in most cases to separate unique biochemical entities along previously existing boundaries. These boundaries can be seen during normal development before the appearance of many fissures (Oberdick et al., 1993) . The main contribution of the current work is to demonstrate a molecular linkage (vis-à-vis Engrailed and its downstream targets) between a patterning event that establishes boundaries and the morphological elaboration of those boundaries in the form of fissures.
Purkinje cell control of EGL formation
One unsuspected result of persistent expression of En-2 in Purkinje cells was the transient retardation of EGL development localized within the fissures. Because this was observed in multiple lines carrying the L7En-2 construct and no expression of any transgene based on the L7 promoter has ever been detected in granule cells or in the EGL, this must be a secondary effect caused by perturbation of some property of Purkinje cells.
It has been suggested previously that matching between granule cell and Purkinje cell numbers occurs via a target-dependent process presumably mediated by a trophic property of Purkinje cells (Herrup and Sunter, 1987) . In many systems, such a process of attrition follows a period of overproduction of neurons, and it has been suggested that this proliferative exuberance may allow for greater plasticity in terms of the precise size of, and the numbers of connections in, the mature nervous system (Purves, 1988) . In the cerebellum, it has been proposed that Purkinje cells may also control granule cell proliferation mainly based on observations of a thinned and temporally persistent EGL in the mouse mutant staggerer (Sonmez and Herrup, 1984) . More re- ( C) and hemispheres ( D) . The EGL within wild-type and mutant cerebellar sections was divided into an equal number of segments, and its thickness along the entire cerebellar surface was determined. Note that at the base of every fissure, the thickness of the mutant EGL was thinner than in the wild type, and this effect is maximized in the fissures of the central lobe [V-V I (primary fissure), V I-VII, and VII-VIII]. The two curves of each plot tend to converge at the summit of the lobules and to diverge within fissures. The values are averages of three near-midline sections and three lateral sections calculated for one cerebellum of each genotype, and these same observations were repeated in two additional P7 cerebella. Abbreviations along the x-axis in D are defined in Table 2. cently, direct evidence of such a Purkinje cell -EGL interaction was provided by observation of local effects on the EGL in response to spatially and temporally restricted Purkinje cell ablation by diphtheria toxin expression in transgenic mice (Smeyne et al., 1995) . The current observation of EGL retardation specifically focused in the deep fissures extends the latter observations and f urther suggests a role for the En and Wnt pathway genes in this process. Thus, if it is accepted that fissure formation is at least partially dependent on granule cell generation during the early postnatal period (Mares and L odin, 1970) , this may be viewed as just one component of a fissurization program that is also dependent on unique subsets of Purkinje cells.
Conclusions
These observations have illustrated important ways in which cells residing in fissures differ from those located elsewhere. In addition to some previously reported differences in generation time [of vermal Purkinje cells (Inouye and Murakami, 1980) and of granule cells (Altman, 1969) ], cerebellar cells in fissures are particularly sensitive to the perturbation of En and Wnt pathway signaling. These data support the view that lobulation is an active process based on unique properties of cells that reside in and around lobule junctions. Future experiments will be directed at determination of the specific molecular properties of Purkinje cells that are affected by persistent En expression and that result in the fissure-restricted effects described here.
